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* Recall: Nature does not “know” about our units.
— kilogram, pounds
— meters, miles
— seconds, hours

 Nature only knows about fundamental dimensions, and
relative sizes with those dimensions.

— When we assign values to those dimensions or combinations of
those dimensions, we do so relative to our own contrived scales.

— Most problems have more natural scales than our units (1 m).

— What is the most natural length scale for flow in a room?
» Then measure length in “room” units = x/L g0 .
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How Iong to cook a roast’?

How long to cook?
— Trial and error?

— Approximate the geometry and properties and
solve a heat transfer problem?

— Solve a complex numerical solution?

Cookbook Instructions call for ~20 min per Ib.

Does this make sense? Why or why not?

. BYU
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“If you roast at 325°F
(160°C), subtract 2
minutes or so per pound.
If the roast is
refrigerated just
before going into the
oven, add 2 or 3 minutes
per pound. ...

“..You thought this was
going to be a simple
answer, didn' t you? * 7

What does the heat equatlon say’?

(62’.1" 82:'" aﬁr)

toz
- d?T)
= (E):
o= (And1IC, 2BCs)
I
« Unsteady heat equation

— Assuming constant thermal conductivity
— 3 dimensional, Cartesian coordinates

« Dimensional homogeneity: each term has the

same dimensions and the same units.
- k> Us'm'K; p > kg/m?; ¢, Jkg'K; admis

+  We don’ t want to solve this equation, just examine it.

» Nondimensionalize, then scale the equation.

- BYU
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Nondimensionalize

(%) -

 Select reference quantities: T, L, T

« Make a direct substitution.

.+ Simplify: divide through by Todr 50 = -7 (55)
» Now all terms are nondimensional.

« The group at/L?is called a dimensionless group and is
the Fourier number: a ratio of the physical time to the
characteristic diffusion time.

. BYU "

« Now scale the equation: [Trc!] (”T) - [‘_'Zg:] (;’r:)
— Cengel and Boles call this o
“normalization”
« Ifthe terms in (...) are O(1), then (ﬂ) _ g} (di>
since the LHS is O(1), the termin [...] ot* 21 \dz*?
must be O(1) also. Then what to
choose for T, L?

“... in the process of scaling,

- BYU

— L is just the domain size.

— Then 1=L%q
These are the characteristic scales of
the problem.
Rather than measure length in units

of “meters”, nature prefers units of
“roast size”

one attempts to select
intrinsic reference
quantities so that each term
in the dimensional equations
transformes into the product
of a constant factor which
closely estimates the term’s
order of magnitude and a
dimensionless factor of unit
order of magnitude”

-- Lin and Segal 1988 7
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xref=100

dy/dx -->
dy*/dx*:
Y* = ylyref
x* = x/xref

dy* /dx* = O(1)
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dy/dx -->
dy*/dx*:
Y* = y/yref
x* = x/xref

dy* / dx* = O(1)

David Lignell
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yref = 0.3


« Now what does this say about cooking a roast?
» The timescale scales as L?

* But mass scales as L3 12{
10
—MA (23
TCXL'2 ] BI- “-M‘:ﬂ]
3 4
mo L o m2/3 z{
| ]
L oc i3 0 2 4 6 8 10 12

» So cooking time scales with m?3, not with m

* We have not had to solve anything, but we know something valuable
about the problem.

» If you know the time for one roast, you can extrapolate to another.
* Relationships among parameters!

. BYU

* Nondimensionalization also reduces the number of
parameters by showing that they are not independent,
but come in characteristic groups.

— Conduction problem: vary the Fourier number alone, not alpha
and L separately.

— Book gives simple equation of motion, where initial position,
velocity and gravity parameters are collapsed into one paramter,
the Foude number.

— The Fourier number was the ratio of timescales, the Froude
number is the ratio of forces.

— Many others: Friction factor, Drag coefficient, Knudsen number,
Mach number, REYNOLDS number.

. BYU




Scaling Example — One Step Combustion

SPECIES.
Nonpremixed Flames M2 CHI CHIOM AR  nCAH) CSHI  CSH4OH
M CHIZ CH N2 CAHI KCBH4 CSH4O
O CH) C2M2 CHICHD CAM& c-COMA CIHB
02 CHe CIH3 C3HZ nCAHS A1  nCINT
OH CO  C2Me GIH3 ICAMS Al ICIHT
HIO COZ CIMS PCIMA CAHG CEHSO  CIME
Oxidi Products HO2 HCO C2HE aCIHA CAME12 CSHSOH aCIHS
xidizer HI0Z CHIO HCCO cC3H4 CAHE1 C5HE  CHICCHZ
C  CHIOM CHICO CAH2 CAMT CSHS  CHICHO
Fuel CH CHIO HCCOM HZCAO C6MZ CSHSO CZHICHO
k= ATb axp{-ERT)
REACTIONS b E
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Large-scale jet flame simulations: 1-2 weeks on
10,000 processors
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CHZZ <=> HWHCO 1.50E+13 0.0 [F]
+  Ethylene combustion with complex chemistry: 19~ .~
species and 167 chemical reactions 45T, CAHTIH <> CAMGOHZ 180E412 00 00
Speed { i i ﬁmﬁ:?»“&'mncm Hoen 50 50
. peed setup with a simpler 1-step chemical gt ey e
reaction. 451 CAHTHCHI <> CAHG+CHA LIEHI 00 0.0
AE2. CIHIFCIHL <=> CAHT THIE+38 25 1IN0
. Reaction characteristics? i 483 CIHI+CIHS[+M) <=> CAHBI(+M) 1.50E+13 00 0.0

.+ » . Beauty and betrayal in this equation
. BYU ©

Apply Characteristic Timescale

CoHy 4 307 — 2C02 + 2H0 CoHg + 303 — 2C05 + 2H0
d[CoHs) 0:1173.11.65
T = —k(T}[CQH‘;] [02] ICQH4]O‘1 L [C2H4]G.1+0,9exp(—300}’(-2”‘)
+  Problem: Very Stiff Explicit ODE integration i ‘1:3 T :‘
— Very small timestep sizes required. 10?
— Takes too many steps. " |
- “Whik §1c|‘ |
»  Apply Characteristic Timescale gm‘ J
10‘.:__l_=_.:_,.,?- ‘l-r.\ .
= %[gg}‘;ﬂ"{"_{ T 7[((::?;}{4;1 = [(J‘QH.{,]O'Q = ‘E?hvllge I'.Egnnemnl:Sn Ll
| fif Irur}: 2 4]
10° ~T—T—1=
+  As [C;H4] becomes small, T becomes small. il
w107
» The small reaction order is the culprit. 3 10%
» Fix: As [C2H4] becomes small, increase reaction order. %m‘
10*
z
Trew = [C_-sz]O.Q[l—eXQ(—SUO\}_—_qua)] :: P Y e e e
avu oy






